Independent association of chronic kidney disease (CKD) and proliferative diabetic retinopathy (PDR) with cardiovascular disease (CVD) has not been established. In the Joslin 50-Year Medalist study, characterizing individuals with type 1 diabetes for 50 years or more, we examined the associations of CKD and PDR with CVD, which was validated by another cohort with type 1 diabetes from Finland.
Since proliferative diabetic retinopathy (PDR) occurs frequently with CKD, it has been difficult to discern the independent contribution of CKD and PDR to CVD in type 1 diabetes owing to the limited number of people with CKD but without PDR (6) .
Several studies in type 1 and type 2 diabetes have associated diabetic retinopathy (DR) with increased risks of CVD-and all-cause mortality (7-9). Davis et al. (9) reported that patients diagnosed with insulin-dependent diabetes had a 55% decrease in survival among those with PDR compared with those without the disease. Similar declines in survival in patients with type 1 diabetes and PDR were observed in the EURODIAB study and Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) (8, 10) . However, the independent contribution of PDR to CVD is unclear owing to the presence of albuminuria and CKD (8, 10) .
The frequent association of PDR with diabetic kidney disease is well established by multiple studies such as the Finnish Diabetic Nephropathy Study (FinnDiane) and WESDR (5, 11) . The co-occurrence of CKD and PDR is not surprising, since chronic hyperglycemia is the major contributor to diabetic microvascular complications. Therefore, an intriguing question arises as to whether the presence of PDR affects CVD prevalence in patients with type 1 diabetes with or without CKD.
This question can potentially be answered by the Joslin 50-Year Medalist study, which characterized individuals with 50 or more years of type 1 diabetes and has reported a low prevalence of CKD and PDR but with prevalence of CVD similar to that in people with type 2 diabetes (12) . The availability of a significant number of Medalists with CKD, yet without PDR, provides a unique opportunity to characterize the independent contribution of CKD or PDR to CVD. Therefore, the objective of this study was to investigate the independent associations of diabetic retinal and renal disease with CVD in patients with type 1 diabetes. In addition, we used the FinnDiane cohort, a large type 1 diabetes cohort of shorter duration, for replication.
RESEARCH DESIGN AND METHODS

Medalist Patients
The Medalist study took place between 2004 and 2015 and enrolled .1,000 patients from all 50 U.S. states. All individuals had documented at least 50 years of insulin treatment for type 1 diabetes and were examined at the Joslin Diabetes Center. Only patients with comprehensive data on micro-and macrovascular complications (n = 762) were included in the analysis (13) . Participants completed medical history questionnaires and received a physical and an ophthalmic examination at the Joslin Diabetes Center. The study protocol was approved by the Joslin Committee on Human Subjects. Written informed consent was obtained from each patient.
HbA 1c was assessed by high-performance liquid chromatography (G7 and 2.2 analyzers; Tosoh, Tokyo, Japan). Lipid profiles, serum albumin, and creatinine were assessed by standardized assays at the Joslin clinical laboratories. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula was used to calculate the estimated glomerular filtration rate (eGFR) (14) . C-reactive protein (CRP) was measured by particle-enhanced immunonephelometry (BN ProSpec analyzer; Dade Behring, Deerfield, IL), and serum C-peptide was measured at the Northwest Lipid Research Laboratory of the University of Washington (15) . DRB1 and DQB1 genotyping was determined by linear arrays of immobilized sequencespecific oligonucleotides as previously described (16) . Autoantibodies (IA2 and GAD65) were assayed at the Barbara Davis laboratory at the University of Colorado (17) .
Kidneys were obtained postmortem from Medalists who had consented and shipped on ice and saline gauze within 10 h of death, coordinated by the National Disease Research Interchange. Histological evaluation was performed by experienced renal pathologists (P.S.A. and I.E.S.) blinded to clinical data, using standard renal pathology techniques (including light microscopy, immunofluorescence, and electron microscopy). Each case was graded according to the Renal Pathology Society pathologic classification of diabetic nephropathy (18) .
CKD was defined as eGFR ,45 mL/min/ 1.73 m 2 equaling stage 3b CKD. Seven standard field stereoscopic fundus photographs were graded according to the Early Treatment Diabetic Retinopathy Study (ETDRS) protocol to classify DR, read by two trained reviewers, and adjudicated as needed (19) . PDR was defined as a score .53. Diabetic peripheral neuropathy was based on the Michigan Neuropathy Screening Instrument with physical examination. A score $2 was considered positive for peripheral neuropathy (20) . History of coronary artery disease, angina, or heart attack or a prior cardiac/leg angioplasty or bypass graft surgery was determined by validated questionnaires and verified by the physician/ research nurse at the research center. Moreover, a history of coronary artery disease was validated by an electrocardiogram at visit (Q-waves and ST-or T-wave changes) (21) .
FinnDiane Patients
The FinnDiane cohort comprises individuals with type 1 diabetes defined as an onset of diabetes before the age of 40 years and insulin treatment initiated within 1 year of diagnosis (22). Patients were recruited from 93 hospitals or health care centers across Finland in 1997 and followed for a median of 13 years. For comparison with the Medalist study, only those with data on retinopathy scored using the ETDRS scale and 25 years or more of type 1 diabetes duration were included in this analysis (n = 675). The FinnDiane protocol was approved by the ethics committee of the Helsinki and Uusimaa Hospital District and by each study center in accordance with the Declaration of Helsinki with individual written consent.
Information on medication, cardiovascular status, and diabetes complications was collected by standardized questionnaires, completed by the attending physician, and verified by the medical record. HbA 1c , lipid profiles, albumin, and creatinine were determined by standardized assays at each center (22). C-peptide and CRP were measured by commercial kits (Human C-Peptide RIA Kit; Linco Research, St. Charles, MO) and immunochemical methodology (Orion Diagnostica, Espoo, Finland), respectively.
Renal disease was defined as an eGFR ,45 mL/min/1.73 m 2 (CKD stage 3b) using the CKD-EPI formula (14) , and PDR was defined as a score $60 on the ETDRS scale. CVD events, obtained from medical files and the Finnish Hospital Discharge Register, were defined by history of bypass grafting surgery or angioplasty, stroke, or a peripheral artery procedure (bypass grafting surgery, angioplasty, or amputation) (22). (23) . Possible interactions of each of these variables with clinical group were tested in the model as multiplicative terms. Analyses were performed with Stata (College Station, TX) and SAS, version 9.4 (Cary, NC).
RESULTS
Medalist Patients
Medalists with complete data on microand macrovascular complications included in this study (n = 762) did not vary from the overall cohort (n = 952) for relevant traits. The clinical profile of Medalists in the analysis set showed that 55% were female, with median age 65 years (IQR 60, 70) and diabetes duration of 53 years (51, 56), with a prevalence of CKD, PDR, and CVD of 12.9%, 53.3%, and 38.9%, respectively (Supplementary Table 1 ).
Characteristics of Medalist Patients Grouped by CKD, PDR, and CVD
For examination of factors related to the distribution of microvascular and macrovascular complications, the Medalist cohort was divided and analyzed by the following four categories (as shown in Table 1 ): CKD and no PDR (+CKD/2PDR) (n = 30), no CKD and no PDR (2CKD/2PDR) (n = 327), CKD and PDR (+CKD/+PDR) (n = 66), and no CKD and PDR (2CKD/+PDR) (n = 339).
Participants with +CKD/2PDR were significantly older at diagnosis of type 1 diabetes than the other groups. No differences in HbA 1c between the groups were found. As expected, eGFR was significantly lower and albumin-to-creatinine ratio (ACR) was higher in groups with Comparisons were made using the same four categories as in the Medalist study: +CKD/2PDR (n = 21), 2CKD/2PDR (n = 228), +CKD/+PDR (n = 170), and 2CKD/+PDR (n = 256) ( Fig. 1 and Table  2 ). Confirming the findings in the Medalists, the CVD prevalence in the +CKD/ 2PDR group was half that in the +CKD/ +PDR group in the FinnDiane cohort yet did not reach statistical significance, likely due to small sample size and number of events: +CKD/2PDR 19.1% vs. +CKD/ +PDR 37.1% (P = 0.10). The lowest CVD prevalence was observed in the 2CKD/ 2PDR group (6.6%), whereas the prevalence in the 2CKD/+PDR group was 15.1%.
Comparisons of Traits in Medalist Patients With CKD by PDR Status
Since the CVD prevalence in the +CKD/ 2PDR group was only half of that of the +CKD/+PDR group (34.5% vs. 68.2%, P = 0.002) ( Fig. 1 and Supplementary Table  3 ), we further examined the effect of covariates between these two groups.
The patients in the +CKD/2PDR group were older at diagnosis of type 1 diabetes (median age 15 years [ IQR 10, 21] vs. 10 years [7, 14] Table 3 ). No differences were observed in sex or duration of diabetes. Moreover, no differences were seen in metabolic variables including daily weight-adjusted insulin dose, HbA 1c , total cholesterol, HDL cholesterol, triglycerides, or BMI. Also, differences were not observed in the renal markers eGFR or ACR. No differences were observed in systolic or diastolic blood pressures, although the +CKD/2PDR group had a lower proportion using antihypertensive medications compared with the +CKD/+PDR group (72.4% vs. 90.8%, P = 0.028). However, the +CKD/2PDR group also had a higher proportion of random detectable C-peptide (56.7%) compared with +CKD/+PDR group (28.6%, P = 0.006). No differences were observed between the groups in the proportion on lipid-lowering medication, reported moderate exercise, peripheral neuropathy, or smoking (Supplementary Table 3 ). The differences in the age at diagnosis between +CKD/2PDR and +CKD/+PDR were not independently associated with CVD in multivariable logistic regression models.
Comparisons of Traits in FinnDiane Patients With CKD by PDR Status
In contrast to the Medalists, there were nonsignificant differences in age at diagnosis of type 1 diabetes (median 12 years [ IQR 8, 18] vs. 10 years [6, 15] , P = 0.47) and at study participation (45 years [40, 53] vs. 44 years [39, 50], P = 0.24) between +CKD/2PDR and +CKD/+PDR groups (Supplementary Table 3 ). The +CKD/2PDR group showed a trend toward a higher proportion of detectable C-peptide (23.5% vs. 13.9%, P = 0.29) compared with the +CKD/+PDR. The cardiovascular risk profile was associated with nonsignificantly worse HbA 1c (68 mmol/mol [59, 77] vs. 62 [56, 71] ), but total cholesterol, HDL cholesterol, triglycerides, systolic or diastolic blood pressure, antihypertensive medication, and lipid-lowering treatment were not different between +CKD/ +PDR and +CKD/2PDR groups. The daily weight-adjusted insulin dose was significantly higher in the +CKD/+PDR compared with the +CKD/2PDR group (Supplementary Table 3 ).
Medalist Patients With CKD With and Without Peripheral Diabetic Neuropathy
For determination of whether the increased prevalence of CVD among those with both CKD and PDR was related to an overall predisposition to microvascular complications or whether there was a specific relationship with PDR, the presence of neuropathy with CKD/PDR was determined. Indeed, no difference in CVD prevalence was observed between groups (59.5% for +CKD/+neuropathy vs. 55.2% for +CKD/2neuropathy, P = 0.66) (Supplementary Fig. 1 ). No significant difference in the prevalence of CVD was observed in patients with renal disease without PDR with or without neuropathy (39.1% for +CKD/2PDR/+neuropathy vs. 12.5% for +CKD/2PDR/2neuropathy, P = 0.17).
Multivariable Logistic Regression Analysis in Medalists
Multivariable logistic regression analyses were performed to examine potential confounders of the relationship between CVD presence and CKD/PDR status. +CKD/2PDR remained independently associated with CVD (odds ratio 0.21 [95% CI 0.08-0.58]; P = 0.003) (Supplementary Table 3 ) after adjustment for several factors as explained in RESEARCH DESIGN AND METHODS. Exercise was the only covariate that remained significant in the model (0.24 [0.08-0.70]; P = 0.009). As there were moderate differences in eGFR and ACR between the +CKD groups, they were tested in the model for effect modification and did not have significant effect (Supplementary Table 4 ).
Renal Histology and Retinal Parameters of Patients With CKD With and Without PDR in Medalists
A subset of Medalists had whole postmortem kidneys available for histologic characterization of diabetic nephropathy: +CKD/+PDR, n = 8, and +CKD/2PDR, n = 4 (Supplementary Table 5 ). Sections were prepared from across the kidney in a standardized fashion retrieving a median of 245 glomeruli (IQR 168, 289). Figure 2 shows images of renal tissue and seven standard fields of retina from a patient demonstrating differential microvascular protection after .65 years of type 1 diabetes.
No differences were found in the severity of DN between the two groups (+CKD/+PDR vs. +CKD/2PDR) (Supplementary Table 5 ) (18) on such parameters as glomerular basement membrane thickness, arteriolar hyalinization, or percentage of global glomerular sclerosis. One patient had a range of no signs to mild (class 0-IIa) signs of diabetic nephropathy in the specimen, whereas three patients had severe findings (class IIb-III) in the +CKD/2PDR group. In the +CKD/+PDR group, three patients showed class 0-IIa and five showed class IIb-III (P = 0.48). Non-diabetes-related pathologies such as glomerulonephritis or malignancies were not observed in the examined slides. Patients in the +CKD/+PDR group showed clear signs of PDR in retinal photos according to the diagnostic criteria for PDR. Those in the +CKD/2PDR group had only a range of no DR to mild DR as verified in retinal fundus photography graded per ETDRS standards.
CONCLUSIONS
The novel finding of our study is that the absence of PDR in those with stage 3b CKD is associated with a lower prevalence of CVD in patients with long duration of type 1 diabetes. This is further supported by validation in patients with shorter duration of type 1 diabetes (FinnDiane). These unexpected findings suggest that PDR adds to the toxicity of CKD in the development of CVD or that there could be a common protective factor against hyperglycemic toxicity for severe diabetic eye disease and CVD. Many studies have documented that renal disease is a major contributor to the excess CVD and mortality of those with type 1 diabetes within the first 30 years of duration (5,6,24) . However, the results of the Medalist study show that the development of CVD in the presence of stage 3b CKD is not inevitable, particularly in those without PDR. This trend was also observed in a cohort with type 1 diabetes with a duration ,50 years (.25 years) in FinnDiane.
Some studies have reported that DR is associated with myocardial perfusion defects and poor coronary flow reserve (25) (26) (27) (28) . In the Atherosclerosis Risk in Communities (ARIC) study, fatal coronary artery disease events were threefold more common in patients with type 2 diabetes and any DR compared with those without DR even after relevant covariates (although not renal disease) were controlled for (29) . Recently, a meta-analysis showed an association between diabetic macular edema and proliferative diabetic retinopathy with CVD again in type 2 diabetes (7). However, Klein et al. (10) in WESDR reported an increase in CVD mortality among patients with type 1 diabetes with visual impairment but did not observe an increase in mortality among those with diabetic macular edema or PDR. PDR correlated with all-cause mortality in FinnDiane and the Pittsburgh Epidemiology of Diabetes Complications (EDC) Study but not independently from diabetic kidney disease (5, 24) . However, these studies could not directly determine the contribution of CKD to CVD independent of PDR, since most subjects with diabetes and renal disease have significant eye disease. In the Medalist study, the availability of individuals with diabetes and stage 3b CKD without PDR allowed the surprising finding that the presence of stage 3b CKD alone without PDR did not increase the risk of CVD in type 1 diabetes (Fig. 1) . Similar patterns in both the Medalist study and FinnDiane of the prevalence of CVD being approximately half among those without PDR compared with those with PDR in the presence of CKD were found. This finding suggests that there may be common protective factors for PDR and CVD.
In the overall cohorts, as expected, diabetic renal disease showed a stronger association with CVD in patients with shorter diabetes duration compared with Medalists with extreme duration. As Medalists were older, this may indicate that Medalists with CKD have a less severe form of CKD, and the findings may be reflecting a survival effect of these individuals having been spared a more severe form of diabetic renal disease. Countering this possible bias, a similar trend toward protection from CVD in the absence of PDR is seen in the sample from FinnDiane of shorter duration. Indeed, this group has significant risk factors for complications including higher insulin doses, higher HbA 1c , and worse lipid profile. This suggests that the findings are unlikely to be driven by the "survivor" bias alone or the better risk factor profile seen in the Medalists. Importantly, we are in the process of collecting prospective data to determine the concomitant development of CVD in patients with and without diabetic kidney disease and eye disease, respectively.
The findings that Medalists with kidney disease and without severe eye disease were older at diabetes diagnosis than those with both microvascular complications raised the question of whether hyperglycemia during puberty may have affected the relationship between the severity of DR and CVD. However, we did not observe any significant associations of indicator variables representing the temporal relationship of onset of diabetes to onset of puberty with CVD or significant interactions with the relationship of PDR in those with stage 3b CKD to CVD (data not shown). Thus, our results do not support the assumption that hyperglycemia during puberty would have had an effect on the main results. In contrast, FinnDiane reported a higher risk for PDR in patients with a diabetes debut before the age of 15 years compared with those diagnosed with diabetes at the age of 15 years or later (30) .
Previously, we demonstrated the Medalist group to be potentially enriched with protective factors, since HbA 1c levels were not related to the prevalence of severe diabetic eye and kidney disease (31, 32) . Following on the idea of protection from hyperglycemic toxicity, we have reported that multiple enzymes in the glycolytic, aldose reductase, glyoxalase, and mitochondrial pathways were elevated in the glomeruli derived from Medalists, who were protected from diabetic nephropathy in spite of chronic hyperglycemia (33) . Further, activation of pyruvate kinase M2, a key enzyme in glycolysis, reduced markers of renal dysfunction by elevating glycolytic flux and activating mitochondrial biogenesis and function in mouse models of diabetes. These data provide potential mechanisms for protection against diabetic kidney disease in the Medalists.
One potential explanation for patients with stage 3b CKD and PDR developing more CVD compared with those without severe eye disease is that their vascular pathologies are more severe, which suggests the presence of PDR is merely reflecting this tendency. Multiple lines of evidence suggest that this is unlikely. One is that the presence of neuropathy did not affect the risk for CVD. Second, there is no evidence of significantly more severe disease between the two groups, such as in eGFR or albuminuria between the CKD groups. This was demonstrated by the absence of confounding in multivariable models by these factors or those that may be related to both complications including antihypertensive use. Finally, the degree of histological severity of glomerular pathology did not differ between the CKD with and without PDR groups. Given that several previous studies show strong links among renal and retinal disease and CVD overall, these results raise a question regarding what common factor may protect the vessels of the eye and cardiovascular system but not the kidneys.
Multiple possible factors could be involved in this differential protection for the retinal, renal, and cardiovascular tissue in diabetes. Of particular interest could be insulin and vascular endothelial growth factor (VEGF), which have been targets of therapeutic modulations for all three complications (34) (35) (36) . Interestingly, VEGF expressions are elevated in the retina and renal glomeruli yet decreased by diabetes in the myocardium. This differential tissue expression of VEGF in diabetes has made systemic treatments targeting VEGF difficult but may provide an explanation for differential contributions to CKD, PDR, and neuropathy in addition to CVD (31) .
Another common pathway is the role of insulin or insulin resistance, which has been reported to affect the progression of diabetic nephropathy, DR, and CVD in diabetes. Among Medalists, the finding that a greater proportion of patients with CKD who were protected from PDR and CVD had detectable C-peptide levels is interesting. Whether preserving b-cell function can lower risk for CVD in patients with CKD is an intriguing question and needs further study (37) .
Due to the potential survival bias, it is important to confirm these findings in patients with shorter duration of type 1 diabetes in order to determine generalizability of the findings. Therefore, the analysis was replicated in FinnDiane, a multicenter longitudinal study of those with shorter duration of type 1 diabetes. Indeed, the findings were similar in both cohorts, confirming that CVD prevalence in those without PDR was approximately half the prevalence in those with PDR despite the presence of CKD, supporting the idea that factors may exist that jointly protect those with type 1 diabetes from PDR and CVD. However, the limited sample size and number of patients with CVD in the longitudinal study likely prevented statistical significance. Differences in the clinical exams and laboratory tests between the two cohorts also need to be acknowledged. However, definitions for vascular complications were equally defined, and the marginal dissimilarity in the cutoff for PDR (ETDRS 53 vs. 60) was considered not relevant. Finally, the results did not change after adjustment for exercise, shown to be strongly associated with CVD in the Medalists (13) .
These findings demonstrate an unexpectedly consistent pattern of a decreased prevalence of CVD among those with stage 3b CKD without PDR in those with type 1 diabetes after at least 25 years of type 1 diabetes. Further studies are warranted in order to investigate whether the presence of both PDR and CKD is a marker of more generalized vascular dysfunction or whether tissue-specific protective factors are in play. 
